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ABSTRACT
Development of a spherical micro-indentation test methodology
for creep analysis and on-set of tertiary creep for solder alloys
Dumbi Azubuike Otunyo
The continuous miniaturization of electronic devices and systems demands more under-
standing of the creep deformation and stress relaxation of solder alloys in order to improve
the structural integrity of electronic devices and systems. Creep is characterized by a slow,
time-dependent deformation of the material under constant stress or force. These solder
alloys are often subjected to time-dependent deformation during service conditions, hence
strain-time relationships obtained from creep experiments are used to analyze the deforma-
tion mechanism of mechanical structures and electronic interconnects under stress controlled
conditions. Recently, instrumented indentation methods were proposed to study creep de-
formation mechanism as well as determining creep parameters. Instrumented indentation is
advantageous when the material is only available as small test pieces or the area of interest
is limited to a small area or feature. Soft materials such as lead alloys present difficulties
when machining samples for use in traditional material property evaluation tests such as
tensile tests. Therefore instrumented indentation can provide a simple testing methodology
for investigating creep mechanical properties of solder alloys.
In this research, material time-dependent behavior of Sn3.5Ag, Sn37Pb and Sn5Sb solder
alloys were studied by a unique depth sensing micro-indentation method at room tempera-
ture. Stress exponent values were determined through a constant loading process utilizing a
spherical micro indentation method, where the strain rate is extracted from the indentation
rate. The measured stress exponent values are in good agreement with conventional creep
experiments. Utilizing a multiple loading and partial unloading micro-indentation testing
procedure, time-dependent stiffness changes of these materials could be measured. This
continuous stiffness responses during a creep test can be correlated to test materials micro
structural changes during creep, therefore making it capable to predict onset of tertiary creep
failure. Test results show a correlation between measured continuous stiffness response and
creep damage with the capability to predict the onset of tertiary creep of these solder alloys.
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CHAPTER 1
INTRODUCTION
1.1 Background
Solder alloys are widely used in the microelectronics industry. They are intended to
provide electrical, thermal and mechanical continuity to silicon packages and hence a crucial
factor in reliability prediction modelling of silicon packages. These alloys are normally used
at room high homologous temperatures, being at 0.65Tm at room temperature (Where Tm
represents the material melting point). Solder alloys operation time, temperature and stress
dependent response make constitutive modelling a difficult task. Indentation on the other
hand has gained popularity as an experimental tool to determine the material properties of
specimens available in small volumes.
Solder Joint Fatigue is a key cause of product failure in many environments. Sol-
der joint fatigue failures are becoming more prevalent due to continued shrinkage of solder
joint size and pitch that comes with more advanced packages. Thermo-mechanical fatigue
of solder joints is one of the primary wear out mechanisms in electronic products and is
true in products used outside of consumer environments due to longer required lifetimes and
more severe operating conditions. Measurement techniques are constantly being improved
through intensive research in order to accurately obtain mechanical properties of materials.
Indentation is one of the more mature techniques being developed. Indentation tests have for
a long time been a standard method for material characterization, which consists of loading
an indenter made of diamond or any other hard material and pressing it into the surface
of a softer material to be examined. The load-depth relation and unloading characteristics
are then studied extensively experimentally or numerically to determine the relevant me-
chanical behavior or properties. The use of the initial unloading stiffness of the load-depth
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curve to determine a materials Young’s Modulus[2, 3, 4, 5] is well accepted. Sneddon’s
[2] classical elastic indentation solutions which describe the general relationship among the
load, displacement and contact area for any punch was the backbone for indentation, since
methods of determining Young’s modulus, creep and case depth of materials have been es-
tablished.Utilizing instrumented indentations, Doerner and Nix [5] further investigated the
unloading characteristics. In 1992 Oliver and Pharr [4] showed that Bulychev’s technique
can be applied to any indenter that can be described as a body of revolution of a smooth
function. The results showed that the load-displacement relationships for many simple punch
geometries can conveniently be written as:
P = αhm (1.1)
where P is the indenter load, h is the elastic displacement of the indenter, and α and
m are constants. Values of the exponent m for some common punch geometries are m = 1
for flat cylinders, m = 2 for cones, m = 1.5 for spheres in the limit of small displacements,
and m = 1.5 for paraboloids of revolution.
Creep is a mechanical property seen in numerous applications. Electronic equipment
manufacturers are concerned about the contribution of creep to the failure of solder-joint
interconnects which operate at elevated temperatures for extended periods. Indentation is
used for measuring the constitutive properties of creep, including the stress exponent and
activation energy. These materials have multiple mechanisms of creep which can be detected
using instrumented indentation creep.
One of the driving forces in the gas turbine industry is the increased efficiency resulting
in less fuel consumption and environmental pollution. Thermal Barrier Coating (TBC)
systems however, coated on hot section components (combustion chamber tiles and rotating
blades) of land-based gas turbines increases structural potentials in the resistance against
hot corrosive and oxidative environments. Micro-indentation stiffness response is one of the
techniques used to characterize failure modes for this complex TBC systems [6].
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In the automotive industry, efficient quality control of parts production is a major
issue. Particularly inspection of case hardened materials involve the destruction of produced
parts to verify quality of carbonization during heat treatment in the manufacturing process.
This reduces the frequency of quality inspections within auto motive manufacturing com-
panies. Most automotive companies will inspect 5 out of 500 parts produced in a day for
quality control assurance. This is attributed to the destructive nature of current evaluation
techniques present and high costs of the non-destructive evaluation technologies.
During indentation the contact area and initial unloading stiffness are the key param-
eters to be identified. Direct measurement of the contact area is not feasible, so unloading
stiffness is typically used to estimate the contact area through some iterative algorithm.
High precision sensors are needed to accurately obtain the load-depth curve and unloading
stiffness data.
Recently a Transparent Indenter Measurement (TIM) technique has been developed
[7, 8], by integrating a Twyman-Green type interferometer into the spherical transparent
indenter head. This system measures the indentation-induced out of plane deformation as
well as the indented surface which evaluates the young’s modulus without unloading stiffness.
A second generation TIM technique developed at West Virginia University is capable
of measuring multiple partial unloading utilizing micro-indentation to evaluate Young’s mod-
ulus without the use of high precision depth sensors. This second generation TIM multiple
partial unloading technique was further developed to evaluate Young’s modulus at elevated
temperatures and controlled environment without the use of depth precision sensors [9, 6].
1.2 Research Objective
In this research, we present a load-based micro-indentation technique for material
property measurement, creep degradation evaluation of solder alloys at homologous temper-
atures. Solder alloys Sn3.5Ag, Sn37Pb and Sn5Sb were tested at homologous temperatures.
The time-dependent evaluation of the stiffness response during the creep reveals the test
3
materials microstructural changes over time as a function of creep. Test results show a cor-
relation to creep damage of the test materials not normally detectable through regular creep
indentation methodologies
It is extremely difficult in reality to characterize creep damage of solders utilizing
methods such as tensile test, scanning electron microscopy and X-ray system due to the
sample size required to perform such tests. The objective of our research is to contribute
a method for utilizing depth-sensing indentation techniques to measure the time dependent
mechanical properties of materials, such as creep and stiffness response of materials during
creep. Understanding the response of a material to an applied force deals with elastic
deformation where the strains are nearly instantaneous, elastic deformation where the strains
are not instantaneous but rather dependent on time and plastic deformation where the
material undergoes non-recoverable strain.
Time dependent phenomena involves creep techniques where load, stress or strain-
rate is held constant for a period of time ranging from seconds to hours while the response of
the material is monitored. The other time dependent phenomena utilizes frequency specific
dynamic techniques where the load or stress is varied at a single frequency during which
the response of the material is measured. It is possible to perform these tests utilizing
bulk testing techniques such as tensile tests, but in many instances due to advanced design
concepts requiring smaller volumes of materials, these bulk testing techniques are rendered
impractical. This is seen in thin film devices found in the microelectronics industry where
solders are used in LED modules used for headlamp illumination, individual cell walls in
stress or even the diseased arterial tissue found within the human body. It is possible for
specimens mentioned in these cases to be prepared in a form that allows for testing with
standard uniaxial techniques. These sample preparation techniques can be tedious and may
alter the properties of the area of interest. Growing technology has made it necessary to
find an alternate means for mechanical characterization. Depth-sensing indentation has been
proven to be a reliable technique for measuring mechanical properties of such small volumes
4
of materials such as Young’s modulus and Hardness values.
In this study, a second generation TIM micro-indentation package will be created
and utilized to measure both time dependent plasticity Creep and Stiffness response during
indentation creep.
1.3 Contribution
In this research, I will be contributing a new indentation methodology that will bridge
the gap in non-destructive evaluation of time dependent mechanical properties of materials,
specifically creep and creep stiffness response.
I will propose new indentation methodology capable of characterizing load depth
response of solder materials during creep. Traditional creep methods are only capable of
determining stress exponents, proposed indentation methodology will be capable of char-
acterizing material stiffness response during creep, which will then be correlated to creep
damage of materials.
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CHAPTER 2
CONTACT MECHANICS
2.1 Hertzian contact
The stresses and deflections arising from the contact between two elastic solids have
practical applications in hardness testing, wear and impact damage of engineering materials.
In many cases the contact between a rigid indenter and a flat extensive specimen is off
particular interest. The most well-known scenario is the contact between a rigid sphere and
flat surface, where Hertz [10] found that the radius of a circle of contact a is related to the
indenter load P the indenter radius R and the elastic properties of the materials by:
a3 =
3PR
4ER
(2.1)
Where ER is the combined modulus of the indenter and the specimen defined by the
elastic modulus and Poisson’s ratio of two bodies. Thus the reduced modulus is expressed
by Equation 2.1. R is the relative radius and defined as shown in Equation 2.3.
1
ER
=
1− v2
E1
+
1− v′2
E2
(2.2)
1
R
=
1
R1
+
1
R2
(2.3)
The mean contact pressure, pm is given by the indenter load divided by the projected
contact area shown in Equation 2.4. Equation 2.5 is derived by substituting Equation 2.4
into Equation 2.1
pm =
P
pia2
(2.4)
6
pm =
P
pia2
= [
4ER
3pi
]
a
R
(2.5)
Indentation tests offer load-depth data, Figure 2.2 shows a schematic of indentation of this
relationship. Indentation processes are complex and related not to only elastic, but elastic-
plastic material behavior as well. Hertz governing contact mechanics equations have since
been applied in various indentation research initiatives. For elastic deformation, the total
indentation depth is employed and the rigid body motion is reformulated as Equation 2.6,
where he is elastic indentation depth. This Equation 2.6 presents a clear relationship between
applied load and elastic indentation depth, therefore this is used as a basic equation for elastic
indentation[11].
P =
4
3
ERR
1
2h
3
2
e (2.6)
2.2 Field and Swain method
Indentation may be wholly elastic, elastic/plastic, or wholly plastic, and the mix of
these responses is subtly reflected in the loading and unloading process. Many early models
included only elastic behavior under the assumption that unloading is a purely elastic pro-
cess. Field and Swain [12] suggested an indentation method using single partial unloading.
Hertz showed the contact area, Equation 2.1 and substituted into Equation 2.6. The rela-
tionship between contact radius and elastic indentation depth can be defined as Equation 2.7.
Equation 2.7 is translated in terms of contact radius, thus Hertz’s elastic contact solution is
defined as shown in Equation 2.8. The relationship between total depth and contact depth
is shown in Figure 2.1
a2 = Rhe (2.7)
P =
4
3
ERahe (2.8)
Since the contact depth is arranged by the ”total depth ht and elastic depth he”, it
7
Figure 2.1 Geometry of impression by indentation
is calculated by the total depth and residual depth, Equation 2.9 and Equation 2.10
he = ht − hr (2.9)
hc = ht − e
2
(2.10)
2.3 Doerner and Nix method
Doerner and Nix [5] figured out that during the unloading procedure contact radius
remains constant until a plastic regime is reached. Due to this, initial unloading slopes within
the load-depth curve were found to be linear. Utilizing this phenomenon, a relationship
between elastic indentation depth, maximum load, unloading slope and indenter geometry
was established by Sneddon [2].It has already been observed in cylindrical punch indentation
that the unloading slope is linear until full unloading and the contact radius is the same.
Thus Doerner and Nix used cylindrical punch method to determine the contact depth and
contact area. Since an easy way to determine contact depth is developed, the contact depth
has been determined by extrapolation from initial unloading slope to zero load as shown in
Figure 2.2. The contact area is rearranged to give Equation 2.11 and the unloading slope is
8
Figure 2.2 Load-depth curve by spherical indentation
given by Equation 2.12
A = 24.5h2c (2.11)
dP
dh
= 2hcER
√
24.5
pi
(2.12)
2.4 Oliver and Pharr method
Contact radius can be related to contact depth and indentation radius utilizing Equa-
tion 2.13. Where hc is contact depth caused by plastic deformation. The Hertzian loading
technique has been adapted to measure the strength and flaw density distribution for trans-
parent brittle materials. Replacing the steel or tungsten carbide spherical indenter, normally
used in Hertzian strength measurements, by a sapphire hemisphere enables direct observa-
9
Figure 2.3 Schematic of contact behavior
tion of the formation of cracks in opaque brittle materials [13]. Figure 2.3 shows sink in
and pile up behavior during contact deformation which is experimentally observed during
spherical indentation.
a =
√
2hcR− h2c ≈
√
2hcR (2.13)
Previous models were expanded to incorporate elastic-plastic deformation around the
indented region which established a relationship between total indentation depth and inden-
ter contact area [14]. Sneddon suggested elastic depth for an elastic indentation solution,
Equation 2.14.
he = 
Pmax
(dP
dh
)
(2.14)
Oliver and Pharr used Sneddon’s elastic solution in order to represent contact depth
with total indentation depth.  is a coefficient for indenter shape found from experimental
results and is related to material behavior, Equation 2.15
10
hc = ht − Pmax
(dP
dh
)
(2.15)
Oliver and Pharr showed that the contact stiffness can be evaluated by power law
equation with fitting the unloading data. C, m and hr are determined by least-square
fitting, Equation 2.16
P = C(h− hr)m (2.16)
Doerner and Nix also defined contact area as a function of contact depth. Oliver and
Pharr rearranged the contact area Equation 2.17
A = pia2 = 2pihcR (2.17)
This contact area has high accuracy when determining elastic modulus and other
indentation measurements. Also in the case of adhesive contact, the reduced modulus can
be calculated using unloading slope and contact area Equation 2.18. Where β depends on
indenter geometry and is 1 for a conical indenter.
ER =
√
pidP
2β
√
Adh
(2.18)
Sneddon’s solution was implemented for the Oliver-Pharr method, the effects of the
indenter angle and the Poisson’s ratio were examined [15]. Elastic-plastic behavior has been
considered, but these analytical models are derived under the basic assumption that the
unloading process is purely elastic and tested against homogeneous isotropic material.
2.5 Elastic-plastic regime in indentation
During indentation, the elastic-plastic material behavior in indentation is very com-
plex to describe exactly. Finite element methods have been widely employed in the study
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of elastic-plastic material behavior during indentation. D.J. Strange et al. conducted finite
element analysis with two separate work hardeneing models and verified their accuracy by
comparing experimental data [16]. I.S. Choi et al. conducted parametric finite element
analysis studies of indentation for non-linear plastic materials by building a methodology for
interpretations of depth sensing techniques [17]. Pile-up/sink-in behavior during indentation
is known to be a function of strain hardening exponent and ratio of yield stress to elastic
modulus [18]. Relationships between material properties and indentation parameters have
been developed for which elastic-plastic properties were found without the use of contact
radius measurements [19].
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CHAPTER 3
INSTRUMENTED INDENTATION
Indentation is a mechanical testing process that has been used for hardness testing
since the 1800’s. A specific load for a specific time is applied to a given test material by using
hard geometrical materials. Mechanical properties of the materials can then be evaluated
using the material’s response to the applied load. The materials reactions such as depth and
area have been measured using various optical techniques. Indentation testing has quickly
become helpful to all industrial sectors, including lumber, ceramics, and glass production.
Indentation quickly became very popular in the nanotechnology industry due to its non-
destructive evaluation ability to get mechanical properties of small volumes of materials.
Indentation is the primary technique used for the examination of thin films and coat-
ing materials due to their geometry and configuration. The similarity between instrumented
indentation and hardness testing is that they both push a rigid indenter into the surface of
an unknown sample using a specific load. The instrumented indentation then uses high reso-
lution displacement or optical sensors to monitor the indentation size and depth throughout
the evaluation procedure. Also the load-indentation depth plots obtained from these meth-
ods can be used to determine the materials mechanical property information. Brief reviews
of these techniques are discussed below [9]
3.1 Spherical Indentation
Hertz during his time as a post doctorate realized that although much was known
about the optical aspect of two lenses being placed together, no good understanding of
the deflection occurring at the point of contact had been established [10]. Hertz became
particularly concerned by the nature in which localized deformation and pressure between
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Figure 3.1 Contact deformation between two spheres
Figure 3.2 Pile-up and sink-in (not simultaneously) occurring during spherical indentation
the two spherical surfaces could be quantified Figure 3.1 [20].
Hertz’s established the relationship between contact area and material properties from
which all modern day contact mechanics theories are derived. During spherical indentation
of an elastic material, the specimen’s surface is typically drawn in and downwards toward
the indenter, as a result, a sink in effect around the indenter is observed Figure 3.2.
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3.2 Instrumented Indentation Data Analysis
Hardness test involves the measurement of the indentation impression size directly,
while instrumented indentation calculates this value with knowledge of the indenter’s geom-
etry and indentation depth. Due to this, instrumented indentation is often referred to as
depth sensing indentation testing. Load and depth curves are recorded as load is applied
to the indenter and specimen, which ultimately leads to the extraction of elastic modulus
and hardness information from the test material. This applied load creates plastic deforma-
tion within the specimen directly beneath the indenter tip, causing a residual impression to
remain following removal of the load. The depth of penetration together with the known
indenter geometry provides an indirect measurement of contact area, from which an esti-
mate of hardness is made. However elastic modulus calculation requires the acquisition of
additional parameters, which are discussed below [6].
3.2.1 Single Point Unloading
Single point unloading uses only one slope within the load displacement curve to cal-
culate the reduced modulus as shown in Figure 3.3. This provides an accurate measurement
of the materials elastic response. Using Equation 3.1, elastic modulus is calculated, where
contact area is calculated using a known indenter geometry and indentation depth A = pia2
[4].
This technique is particularly popular in the material research community for its
shallow penetration depth requirement. The shallow depths required, classify the technique
to be relatively non-destructive, which permits samples composed of multiple layers, such as
thin films, to be evaluated without interference from the substrate’s material properties.
ER =
1
2
dP
dh
√
pi
A
(3.1)
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Figure 3.3 Load displacement curve for single point unloading algorithm.
3.2.2 Multiple Partial Unloading
Developed at West Virginia University, the first generation of instrumented inden-
tation analysis data reduction techniques required the use of transparent sapphire spher-
ical indenter. This transparent indenter measurement (TIM) system, with phase shifting
Twyman-Green and Moir interferometer techniques directly measures the out-of-plane defor-
mation and contact radius throughout the indentation process [21]. This technique requires
the use of sophisticated optical systems to continuously measure the contact radii, which
provides the platform for elastic modulus and true stress strain relationship. A second gen-
eration TIM data reduction technique was developed wherein a partial unloading procedure
was employed to bypass the optical requirement Figure 3.4.
This principle operates under the assumption that the total displacement htotal is the
summation of total indentation depth h and the system deflection hs Equation 3.2. Assuming
the indentation unloading response is solely elastic, the elastic compliance dhe
dP
is equal to the
indentation compliance dh
dP
Equation 3.3 is gotten from the derivative of this function with
respect to indentation load and replacing elastic compliance with indentation compliance.
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Figure 3.4 Load displacement curve for multiple partial unloading algorithm
htotal = h+ hs (3.2)
dhtotal
dP
=
1
2ER
√
pi
A
+
dhs
dP
(3.3)
Assuming the system compliance dhs
dP
remains constant throughout a given indenta-
tion test, a function containing only differences in contact area and slope between partial
unloadings is developed Equation 3.4. Contact area and total displacement are the only non-
constant variables, therefore a function that requires only contact area and displacement is
developed for the extraction of reduced modulus.
ER =
1
2
√
pi(
1√
A2
− 1√
A1
)(
dhtotal
dP 2
− dhtotal
dP 1
)−1 (3.4)
Multiple partial unloading technique does not require any optical contact area mea-
surement. Therefore rewriting the Equation 2.6 in the form P = αhme , solving for he and tak-
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ing the derivative of both sides with respect to P yields Equation 3.5, where α = (4
3
)ERR
− 1
2 ,
m = 3
2
and C = ( 1
m
)α
1
m
As can be seen from Equation 3.5, the total displacement compliance (dhtotal
dP
) and p−
1
3
maintain a linear relationship if and only if the system compliance (Cs) remains constant
throughout the multiple partial unloading steps. The slope (C) can then be used in the
determination of the reduced modulus Equation 3.6.
dhtotal
dP
= CP (1/m)
−1
+
dhs
dP
(3.5)
ER = (6m
3R)−
1
2 (3.6)
It is important to note that the single point unloading are incapable of obtaining
this slope, thus require contact area or indentation depth measurements. Also the multiple
partial unloading method on the other hand eliminates error due to high load application.
Specifically, if a large load is applied, the resulting elastic modulus will be too large, same
goes for if the load is too small, there would be an underestimation of the materials true
elastic modulus.
3.3 Instrumented Indentation Systems
This complex method with a simplistic design and set up requires a vibration free
environment for testing, due to the indentation chain components being extremely sensitive.
This is accomplished by the use of an optical table as a steady platform, and the use of a
rigid loading frame. The rigidity of the loading frame is essential in attaining the boundary
conditions under which the equations for ideal contact mechanics are derived, unfortunately
some level of system deflection exists. The system compliance is unavoidable, yet greater
accuracy is achieved when the value is minimized. Figure 3.5 shows the current indentation
system which comprises of a load cell, indenter, piezoelectric actuator and loading frame.
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Figure 3.5 Instrumented indentation system loading chain schematic
The indentation chains components must meet the standard practices for instrumented in-
dentation testing developed by ASTM International [22]
3.3.1 Load Cell
The load cell in an indentation system converts a load response to an electrical signal
in the indentation system. Stress analysis is often performed by measuring strains on the
surface of deformed elements. The electrical strain gauge is the most common choice for
measurements of this strain [22]. Known for its accuracy and size the strain gauge load cells
are extremely reliable. The electrical strain gauge can be used to determine the load when
applied to a known material with known geometry. It is by this principle which the strain
gauge load cell operates. It also requires a Wheatstone bridge configuration to amplify the
source of electrical load signals to be acquired throughout the indentation test [23]
3.3.2 Actuator
The piezoelectric actuator consists of multiple piezoelectric discs and is a function
of the applied electric field. Mechanical strain is produced when a voltage is applied to
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these materials. The piezoelectric actuator is typically used for depth sensing indentation
applications due to its high resolution. Mechanical strain (displacement) similar to that of
thermal expansion is produced when a voltage is applied to these materials. The active
material of the positioning element is composed of piezoelectric disks. Separated by thin
metallic electrodes, these elements provide a great deal of stiffness at high pressures, which
provide stability through the indentation test [23].
3.3.3 Indenter
The choice of indenter used in the indentation system is of utmost importance and
should depend on the choice of material being tested. Sharp indenters such as Vickers,
Bekovich and Knoop induce plasticity earlier in the indentation process; hence they are
used for determination of modulus of top coats of thin films. A Spherical indenter has a
gradual transition from elastic to elastic-plastic response. This is good for determining strain
hardening characteristics of test materials. The indenter material must be quite rigid and
strain resistant. Common materials used for indenters are, sapphire, tungsten carbide and
diamond. Sapphire indenters, although brittle are often the desirable choice for experiments
due to their optical properties and cost [6].
3.3.4 Loading Frame
The loading frame, probably the most important aspect of an indentation system,
usually made of steel, must be of heavy construction. The system compliance depends on the
rigidity of the loading frame, which affect the accuracy of indentation results directly.The
loading frame should be designed with specimen size and geometry in mind. In order to
minimize system compliance, a rigid stabilizing or clamping element must be utilized at
each joint [6].
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Figure 3.6 High temperature indentation system loading frame design; a) i: glass fiber
insulation, ii: furnace heating element, iii: sample, iv: spherical sapphire 750µm radius
indenter, v: alumina indenter rod, vi: 0.8nm resolution Physik Instrumente P-246.7S 120µm
piezoelectric actuator, vii: 0.1% accuracy Honeywell Model 75 100 lb. load cell and b) optical
image
3.4 High Temperature Indentation
Instrumented indentation techniques are generally used for room temperature results.
Mechanical property evaluation and characterization at elevated temperatures require an ex-
tension of this instrumented indentation system. Micro-indentation hardness tests performed
on jadeite and diopside at temperatures between 300oC and 750oC have been conducted with
high levels of accuracy [24]. A high temperature system developed at West Virginia Uni-
versity capable of utilizing the previously detailed multiple partial loading and unloading
procedure for mechanical property evaluation will be discussed in detail below.
3.4.1 System Description
A high temperature system using multiple partial unloading micro indentation pro-
cedure was used to evaluate elastic modulus at elevated temperatures [9] Verification tests
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of this multiple partial unloading procedure at elevated temperatures have been discussed
elsewhere [6]. This high temperature system consists of a low compliant frame structure with
guide rails and boundary constraints as seen in Figure 3.6. The high temperature system is
very rigid and allows for little system compliance. A custom indenter consisting of alumina
rod with a semi-spherical lens linked to the center of the rod is used.This custom indenter is
necessary to protect the highly delicate temperature sensitive components of the indentation
chain from extremely high temperatures.An inverted indentation system is implemented in
this high temperature indentation system, which allows heat lost to radiate in the direction
opposite to that of the indentation chain. A sample constraint composed of both inner and
outer ceramic tube is utilized for creating the boundary conditions required for idealized
indentation throughout testing. The sample is clamped between the base of the inner tube,
and the shelf of the outer tube.
This system is designed to perform instrumented indentation tests on samples at
elevated temperatures and controlled environments. Details of elastic modulus tests per-
formed using multiple partial unloading technique at elevated temperatures and controlled
environment are detailed elsewhere [9].
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CHAPTER 4
CREEP
Creep effects in metals are of a major concern amongst engineers, firstly because creep
is observed in steam turbine components including pipework, discs and blading operating
at high temperatures. Discs and blades are stressed by centrifugal forces which cannot be
reduced by increasing the thickness; the working stress can only be reduced by designing
the disc to have optimum profile. Therefore there is a direct need to asses the ability of
materials to resist creep, and this is the major reason creep tests are performed [33].
The time-dependent behavior of creep is a process of plastic deformation under applied
stress less than the yield stress. This phenomenon occurs in homologous temperatures (actual
temperature divided by melting temperature)greater than 0.4 (T > 0.4TM)
The aim of creep theory is to describe strains responding to various stress states,
magnitude of stresses and temperatures. The basic results of a creep test are the strain
versus time curve shown in Figure 4.1. Initially, the strain rate d
dt
= ˙ decreases as a result
of creep resistance of the material deformation with increasing strain (I). This is known
as primary (unsteady) creep. The strain rate, eventually reaches a minimum and becomes
near-constant ( ˙min = ˙ss). This is known as secondary or steady-state creep (II). In tertiary
creep (III), the strain-rate increases with strain. The steady-state region of the curve is the
most important section of the creep deformation curve because it indicates how long the
material can be used safely.
Ideally the creep deformation should be linked to an applied stress. Thus, as the
specimen elongates, the cross sectional area decreases and the load needs to be decreased
to maintain constant stress. The effect of a change in stress is only considered for large
deformations, and only comes into play in the tertiary region.
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Figure 4.1 Creep diagram in uniaxial tension: primary (unsteady) creep (I) ,steady-state
creep (II) and tertiary creep (III)
Creep mechanisms can be visualized by using superposition of various strain-time
curves. Equation 4.1 describes the strain-time relation. Where β is a constant for transient
creep, and k is related to the constant strain rate.
 = i(1 + βt
1
3 )exp(kt) (4.1)
A better fit is obtained from Equation 4.2, where r is a constant, t is the strain at the
transition from primary to secondary creep and ˙ss is the steady-state strain rate.
 = i + t(1− expt(rt)) + t ˙ss (4.2)
There are no generally accepted forms of nonlinear strain-time relations, but Equa-
tion 4.3 is one form, where B, m, D, a and b are empirical constants. Equation 4.4 results if
t > ttransient, which results in the strain rate being the steady-state or minimum strain rate
as shown in Equation 4.5
 = i +Bσ
mt+Dσα(1− exp(βt)) (4.3)
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 = i +Bσ
mt+Dσα (4.4)
d
dt
= Bσm = ˙ss (4.5)
To consider the temperature effect, the model of Equation 4.5 can be written as an Arthenius-
type model:
d
dt
= Bσm = ˙ss = Aσ
nexp(
−Q
RT
) (4.6)
where n is the stress exponent, Q is the activation energy for creep, R is the universal gas
constant and T is the absolute temperature. During an isothermal test, the exponential
function of Equation 4.6 becomes a constant resulting in:
˙ss = ˙min = Bσ
n (4.7)
Equation 4.7 can be linearized by taking logarithms of both sides as shown in Equation 4.8.
Log-log plots of ˙min = ˙ss versus σ often results in a bilinear relation in which the slope n
(power law or diffusion creep) can be determined
log ˙ss = log ˙min = logB + nlogσ (4.8)
4.1 Power-Law Creep
The central idea of power law creep is that the creep rate, ˙, at a given temperature
depends both upon the applied stress, σ, and at least one strength factor, τ
˙ss = f(σ, τ) (4.9)
During creep of a material under constant stress, the creep rate depends on how the
strength parameter changes in the course of creep. Strain hardening and recovery increase
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and decrease the strength respectively and at steady state the rate of hardening equal to the
rate of recovery [34]. By taking into account the appropriate expressions for hardening and
recovery, it is possible to arrive at the Dorn equation that expresses the correlation of creep
rates among various metals as a function of stress and temperature [35], which is expressed
as:
˙s = A[
σ
G
]nf(T ) (4.10)
Where f(T ) is the temperature dependence which will be considered in the following
section, G is the shear modulus, n being the stress exponent which is defined as dln/dlnσ
at a constant temperature and A is a parameter which accounts for any effects of structure
not included in the Dorn equation.
During indentation creep, the elastic modulus is one of the principal factors influencing
the creep rate at a given level of stress. This is important because the speed of dislocation
glide and climb are strongly influenced by the elastic stress fields of dislocations obstructing
the path of moving dislocations.
4.2 Creep Steady State Microstructure
The formation of subgrains dominates the microstructural changes that occur during
the creep flow in most annealed polycrystalline metals at temperatures above 0.5TM , where
TM is the homologous temperature which is actual temperature divided by the melting tem-
perature of the alloy. The subgrain development is due to accumulation of edge dislocations
by climb(polygonization) leading to the development of low-angle boundaries which are now
universally called ”subgrains”. The subgrain structures that are associated with creep do
not form instantaneously, they form gradually throughout the course of primary creep. In
the initial stages of deformation, dislocations move through a well annealed crystal at speeds
approaching the speed of sound in the material [36].During which the dislocation density
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increases abruptly and dislocations are distributed in a homogeneous fashion [37]. This de-
formation happens until the inter dislocation stresses approach the applied stress, due to
elevated temperatures, thermal activation allows continued dislocation motion past obsta-
cles and deformation can continue. Steady state creep coincides with the development of a
steady state substructure which is characterized by the condition that the average dislocation
density and the subgrain size remain constant with further creep strain[38].
4.3 Room Temperature Indentation Creep Literature Review
4.3.1 Indentation Creep from Vickers Hardness
It is generally accepted that the mechanical behaviour of metallic materials at ho-
mologous temperatures higher than 0.5 can be fairly expressed by the power-law creep in a
wide range of strain rates. Thus, for steady- state creep, the relationship between the strain
rate, state, and the tensile stress, r, at a constant temperature can be expressed by:
˙ = Aσn (4.11)
where n is the steady-state stress exponent, defined as n = dln˙
dlnσ
, and A is a constant.
Mulhearn and Tabor used the expression shown below to acquire the stress exponent
for pure lead at temperatures above 0.6Tm.
−(n+ 1
2
)logHv = logt+B (4.12)
where Hv is the Vickers number, t is the indentation dwell time and B is a constant.
Hardness against time on a log-log scale, a straight line with slope (n+ 1
2
)−1 is obtained.
Juhasz et al. [100] used vickers tests and obtained the stress exponent n of superplastic
lead-tin alloy in steady-state creep of the following form:
n = [
∂lnd˙
∂lnHv
]d (4.13)
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where Hv is the Vickers hardness number and d˙ is the variation in indentation depth
and d is the indentation diagonal length. Therefore plotting d˙ against Hv on a double
logarithimic scale, a straight line would be obtained, which the slope is the stress exponent,
n.
Sargent and Ashby [101] performed hot hardness tests on a wide range of materials
and proposed a dimensional analysis for indentation creep. According to their model, the
displacement rate of an indenter has been derived as:
du
dt
= [
˙0
C2
][(
C1
σ0
)(
P
A
)]n (4.14)
where A is the projected area of indentation, C2 is a constant and ˙ is the rate at a
reference stress σo, n is the stress exponent and P is the applied load. For a pyramid indenter
the penetration is proportional to
√
A, i.e.,
u = C3
√
A (4.15)
Differentiating Equation 4.15 with respect to time and substituting into Equation
4.14 gives:
dA
dt
= C4˙0A(
P
A
σ0)
n (4.16)
where C3 and C4 are constants. When P is held constant, Equation 4.16 can be
written as:
1
Hv
dHv
dt
= −C4˙0(Hv
σ0
)n (4.17)
Sargent and Ashby then derived the following relationship between indentation hard-
ness and dwell time:
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Hv(t) =
σ0
(nC4˙0t
1
n )
(4.18)
where Hv(t) is the time dependent hardness. Using Equation 4.18 the slope of a plot
of ln(Hv) against ln(t) at a constant temperature is − 1n . Also from Equation 4.17 a plot of
ln(Hv) versus ln[− 1HV dHvdt ] at a constant temperature has slope of n. Using Sargent-Ashby
analysis, we can convert the term 1
Hv
dHv
dt
in Equation 4.17 to a measurable quantity.
Vickers hardness is given by Hv = 0.1854
F
d2
where F is the applied load in N and d
is the average diagonal length in mm. Therefore the relationship between Vickers hardness
and applied load can be expresses as:
0.1854F = d2Hv (4.19)
During indentation test, the applied load is constant, so differentiating Equation 4.18
gives:
dHv
dt
.d2 = −2dd(d(t))
dt
.Hv (4.20)
Further on, this equation can be simplified to the following form:
dHv
dt
1
Hv
=
2d˙
d
(4.21)
Substituting Equation 4.17 and 4.18 gives:
nlogHv = log(
2d˙
d
) + C (4.22)
Therefore plotting a log of Hv versus log(
2d˙
d
) has a slope of 1
n
and the stress exponent
can be obtained. It has therefore been proven that indentation creep behavior of cast Pb−Sb
alloys at room temperature (T > 0.5Tm) by measuring the stress exponents of these alloys
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using above mentioned methods of analysis.
Roumina et al [42] analyzed creep behavior of cast Pb − 20Sb alloys by above men-
tioned indentation methods at room temperature. Multiple samples were tested using Vick-
ers hardness tester where applied load and testing time were the only variables. Indentation
hardness measurements were made on each sample using loads of 50, 100 and 150N for dwell
times up to 120min. Each reading was an average of at least five separate measurements
taken at random places on the surface of the specimens. All of the indentations were taken
a minimum of 5mm away from the edges and 10mm from other indentations. Variation in
indentation diagonal length with time under constant loads of 50, 100 and 10N shows inden-
tation length increases with loading time and the applied load. As can be seen in Figures
4.2, 4.3 and 4.4, the curves have two stages similar to an ordinary creep curve. The initial
stage of the curve shows an increase in the concerned variable with time, with decreasing
rate, followed by a steady-state region where indentation sizes increase linearly with time.
Hardness test being a compression test, fracture of the specimen cannot occur, reason being
the third stage does not exist as an ordinary creep test. As can be seen in Figures 4.2, 4.3
and 4.4, the PbSb alloys exhibit different indentation creep behavior.
According to Mulhearn-Tabor the rate of diagonal variation can be obtained by dif-
ferentiating the curves in Figures 4.2, 4.3 and 4.4. Using Mulhearn-Tabor relationship,
Equation 4.12 and plotting time against hardness on a double logarithimic scale, a straight
line with slope −(n+ 1
2
) is obtained.
Utilizing methods of Juhasz et al, Sargent-Ashby and Mulhearn-Tabor mentioned
before have been applied to the indentation data of the materials to obtain the steady-state
creep exponents. Plotting Vickers hardness number on a double logarithmic scale gives a
slope of n (stress exponent) as can be seen in Figures 4.2, 4.3 and 4.4.
Utilizing the Sargent-Ashby model, the stress exponent acn be obtained from a plot
of logHv versus log
2d˙
d
having a slope of 1
n
. This can be seen in Figures 4.11, 4.12 and 4.13.
It can be noticed for all three methods that each materials fitted lines are almost parallel,
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Figure 4.2 Indentation creep curves at different temperatures
Figure 4.3 Indentation creep curves at different temperatures
implying that the stress exponent is independent of the applied load. These dfifferent stress
exponents are shown in Table 4.1.
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Figure 4.4 Indentation creep curves at different temperatures
Figure 4.5 Derivation of stress exponent by the Juhasz et al. method
The indentation creep test has been demonstrated to be capable of evaluating creep
behavior of materials using small specimens. The stress exponents calculated from these
different methods of analysis are in good agreement with each other. These exponents can
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Figure 4.6 Derivation of stress exponent by the Juhasz et al. method
be used to determine the mechanisms of creep deformation.
All these methods involve measuring vickers hardness of the sample over a period
of time, which involves taking these measurements at different locations over a period of
time. This requires the use of multiple samples or multiple test conditions which removes
the possibility of analyzing the material response during creep. This research proposes a
method of acquiring the creep from one location over a period of time and can monitor the
material stiffness response during creep.
4.4 Indentation Creep
An indentation test is a convenient method for measuring the mechanical properties
of a material. Its most common application is to measure hardness. The traditional hardness
test involves applying a load L into the surface of a material and the penetration depth hc or
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Figure 4.7 Derivation of stress exponent by the Juhasz et al. method
Table 4.1 The stress exponents (n-values) derived from different indentation methods
Material Load (N) Juhasz et al.
Mulhearn-
Tabor
Sargent-
Ashby
Grain size
(mm)
Pb-1.25%Sb 50 15.2 15.2 15.5 0.33
100 13.2 13.2 13.7
150 13.6 13.8 14.1
Pb-2.5%Sb 50 18.1 18 18.4 0.28
100 19.5 19.5 20
150 18.2 13.8 14.1
Pb-4.5%Sb 50 15.2 15.2 15.5 0.21
100 13.2 13.2 13.7
150 13.6 13.8 14.1
contact of radius ac is measured. Conventional hardness test is one of the oldest and simplest
methods of material evaluation. Tabor [39], showed that elasto-plastic material response in
tensile testing can be correlated to the response in spherical or pyramidal indentation. The
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Figure 4.8 Derivation of stress exponent by the Mulhearn-Tabor method
indentation creep process can be defined as the time dependent penetration of a hard indenter
into the material under constant load and temperature. The variation in the indentation
size is monitored with dwell time. This can be particularly advantageous when the material
is only available as small test pieces or there are some difficulties with machining of some
samples made of very soft materials. This makes indentation creep a quick, simple and
non-destructive procedure to extract information on the mechanical behavior of materials,
and also reduces the effort for sample preparation. The fundamental process parameters for
spherical indentation are: indentation force P , mean contact pressure pav =
P
pia2
, contact
radius a, permanent penetration depth h, and the sphere Diameter D.
It was concluded that the relationship between mean pressure and penetration depth
follows a power law. Tabor used this to map the pressure-contact radius curve pav =
pav(a/D) to the σ − p curve as shown in Equation 4.23, where p denotes plastic strain
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Figure 4.9 Derivation of stress exponent by the Mulhearn-Tabor method
Figure 4.10 Derivation of stress exponent by the Mulhearn-Tabor method
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Figure 4.11 Derivation of stress exponent by the Sargent-Ashby method
[39].
p = 0.4a/D (4.23)
Various models have been developed for the analysis of indentation creep data dis-
cussed below.
4.4.1 Indentation Load Relaxation (ILR)
The idea of using ILR techniques was first presented by Hannula et al [40]. This
experiment involves pushing the indenter into the sample, until the desired load is achieved,
then the indenter position is fixed. The elastic strain in the machine is converted to the
plastic strain in the specimen. This technique is used to study time dependent deformation
in small volumes. Using a Vickers indenter with 1µ2 flat area on the apex, an effective stress
was defined as
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Figure 4.12 Derivation of stress exponent by the Sargent-Ashby method
σeff = P/A (4.24)
where P is the load on the indenter and A is the projected area of contact. An effective
strain rate was defined as
˙ = c
h˙
h
(4.25)
where c is a constant, h˙ is the instantaneous descent rate of the indenter and h is the indenter
depth (total depth or plastic depth). The stress exponent for creep is then defined as dln˙
dlnH
at constant temperature.
4.4.2 Constant Rate of Loading (CRL)
The (CRL) test is a multi-indentation test that was developed for determining stress
exponents using depth sensing indentation systems [41]. This test applies load incrementally
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Figure 4.13 Derivation of stress exponent by the Sargent-Ashby method
in the indenter at rates specified by the experimenter. In a CRL test, the indenter is loaded
at a constant loading rate until the indenter has reached a prescribed depth in the material.
An effective stress is then calculated based on a series of experiments at different loading
rates for each indentation mode. The stress exponent for creep is then identified from the
applied load and achieved depth as dln˙
dlnH
The only problem found with the CRL method is the continuous change of the in-
dentation strain rate through out the loading segment. Although the changes in stress and
strain rate may seem minimal, it is still considered to be a far more dynamic test than others.
4.4.3 Step Constant Indentation Strain Rate
Stemming from the equation of hardness of a material,
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H =
P
A
=
P
ch2
(4.26)
where H is the hardness, P is the load, A the projected contact area, h is the contact
depth, and c is a constant that depends upon the geometry of the indenter. Hardness
equation can be re-written as
ch2H = P (4.27)
Differentiating equation 4.27 with respect to time leads to
2chh˙H + ch2H˙ = P˙ (4.28)
Simplified to
h˙ =
P˙
2chH
− ch
2H˙
2chH
(4.29)
h˙
h
=
P˙
2chH
− ch
2H˙
2ch2H
(4.30)
h˙
h
=
1
2
(
P˙
P
− H˙
H
) = ˙i (4.31)
where i is the indentation strain rate. Equation 4.31. Controlling the loading rate
in such a manner as to maintain P˙ /P constant would result in a constant indentation strain
rate. This methodology requires the use of a perfect Berkovich geometry indenter, given by
A = 24.56h2c (4.32)
where hc is the contact depth of the indentation. The Berkovich geometry is typically
chosen over a Vickers indenter as it is much easier to produce near perfect tips due to the
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natural intersection of three planes at a point.
The variation of the indentation diagonal length with time under constant loads of
50, 100 and 150 N was studied by [42]. It was seen that indentation length increases with
the loading time and the applied load as seen in figure 4.14
Figure 4.14 Variation of Indentation Length with Time
4.4.4 Constant Load- Hold
The idea of measuring creep properties with depth-sensing indentation systems under
constant load was introduced by Pollock et al [44]. Pollock makes the approximation that
the strain rate ˙ should scale to
˙ = k2
h˙
h
(4.33)
where h˙ is the instantaneous descent rate of the indenter, h is the instantaneous displacement
and k is a geometric constant. Using this analysis Pollock investigated the time dependent
response of Ni films on Si at room temperature.
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This experimental procedure involves loading the indenter at a high loading rate
and then holding the load on the indenter constant and monitoring the displacement of
the indenter as a function of time. The contact area changes as the indenter penetrates
the material, while the load is held constant, in other words the effective stress changes
as the test proceeds. One can then obtain several effective stress strain rate pairs from one
indentation experiment. The creep exponent is found from the slope of a plot of log hardness
versus log indentation strain rate.
4.5 Development of Constant Load-Hold
In this research I have created a LABVIEW based software by modifying preexisting
multiple partial unloading software, capable of controlling the preexisting instrumented in-
dentation system described in Section 3.3. To use this software one must first click the find
contact button, which moves the indenter until a predetermined load is identified by the load
cell. The input parameters such as Load, pi velocity and file location must be identified,
before performing the constant load control by clicking the creep test button.
4.5.1 Development of Constant Load-Hold Lab View Software IV
Every LABVIEW IV has a front panel and a block diagram. When the LABVIEW
program is opened, the main front panel is shown on the screen. This front panel consists
of parameter controls and graphical output displays. The front panel for this constant load-
hold is shown in Figure 4.15. The different components of the front panel will be discussed
in detail below. To run the program, the creep test button can be clicked; likewise the stop
creep button terminates the execution of the program.
The parameter control section of the front panel is shown in Figure 4.16. This is
where the user can enter values for each parameter in the program. The parameters setup
here are the user load [N ] and pi velocity [µm/s]. The other outputs on the parameter
42
Figure 4.15 Front Panel for Constant Load-Hold
control panel are the original pi position and the current pi position, which tracks the travel
range of the PZT actuator described in subsection 3.3.2.
Figure 4.17 shows the displacement vs time graph which allows the user observe the
displacement over time during the duration of the experiment. Note that this displacement
is the total indentation displacement htotal as discussed in section 3.2.2.
The user can monitor the change in load using the graph output seen in Figure 4.18.
The change in load for this experiment can then later be exported and calculated as a per-
centage to validate the constant load-hold experiment. The load vs time seen in Figure 4.19
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Figure 4.16 Parameter Control Panel
Figure 4.17 Displacement Vs Time graph
graph gives the user an idea of the load over the duration of the experiment.
4.5.2 Development of Constant Load-Hold Lab View Software IV Block Dia-
gram
The overall view of the system which controls the inputs entered to give you the system
outputs is shown in Figure 4.20. It consists of various functions blocks which contains controls
to manipulate the instrumented indentation system described in Chapter 3 to generate the
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Figure 4.18 Change in Load graph
Figure 4.19 Load Vs Time Graph
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outputs. This allows the different function blocks to be easily viewed and edited if needed.
The various parts of the block diagram will be further explained below.
Figure 4.20 Block Diagram
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Figure 4.21 Write to Measurement block diagram
Figures 4.22 and 4.23 contains the function blocks necessary for controlling the PZT
actuator based on user load by monitoring if the current load is greater than the user specified
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load. If this operating condition for this case structure is false, the event described in
Figure 4.22 takes place. Otherwise if the operating condition is true, the event specified in
Figure 4.23 takes place.
Figure 4.21 contains functions for monitoring time, displaying graphs described in
the front panel, and most importantly saving data to a user specified file and location. The
functions in the block diagrams are controlled by a while loop function which is activated
when you push the creep test button. The while loop function will continue to run until the
condition described by the user has been reached or you push the stop creep button. The
data is automatically stored to the user described location during the test.
4.6 Development of Constant Load-Hold with multiple partial unloading
Another goal of this research is to combine the multiple partial unloading technique
described in Section 3.2.2 which utilizes closed loop displacement control, together with the
constant load-hold technique described in Section 4.5 which utilizes closed loop load control,
to create a new bi-function control system which will have a great potential for creep stiffness
response analysis at room and elevated temperature.
This would involve executing both closed loop displacement control and closed loop
load control at separate interfaces to produce plots similar to Figure 4.24
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Figure 4.22 Load Control Block diagram False condition
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Figure 4.23 Load Control Block diagram True condition
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Figure 4.24 Creep and Multiple Partial unloading
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CHAPTER 5
RESULTS AND CONCLUSIONS
5.1 Close-Loop Load Control
The most important aspect of this creep test is the capability of achieving and keeping
constant load precisely during the creep test. Figure 5.1 shows load being held at 5N over a
period of time.
Solder materials, like lead-antimony solders are extremely soft and extremely de-
formable under ambient conditions, because the room temperature represents a high homol-
ogous temperature to them. Under uniaxial stress, elastic, viscoelastic and inelastic behavior
can be observed. The creep behavior of solder material was observed in this study under
room.
Figure 5.1 Indentation Load Versus Time
[UserInputLoad = 5N ] [ActualLoad = 4.9414N ± 5.3724−14N ]
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5.2 Indentation Creep Stress Exponent determination
The classical approach to compare indentation and uniaxial creep data makes use
of conversion factors. The section stress σN which characterizes the load in an indentation
creep experiment, is defined as the force F applied on the indenter divided by the cylindrical
indenter area A: σN = F/A. The conversion factors co relates the net section stress σN to
an appropriate uniaxial reference stress σ by
σ = coσN (5.1)
where co is a conversion factor which ranges from 0.26-0.36[45]. The uniaxial reference
strain rate ˙ is
˙ = c2
d˙
2r
(5.2)
where d˙ is indentation creep depth rate (indentation rate), c2 a conversion factor which is
usually 1, [45], and r the indenter radius. Here we use conversion factors c2 = 0.865. Hyde
et al. [98] determined the conversion factor to relate creep data from indentation and tensile
creep to be c2 = 0.755 determined from finite element calculations.
Following the uniaxial creep behavior of materials, the creep stress exponent is deter-
mined from Norton’s creep law:
˙ = cmσ
nm (5.3)
In the creep experiment, displacement and time are measured first. From this data
Figure 5.4,Figure 5.3 and Figure 5.2 it is possible to extract contact radius utilizing equation
2.1. Where a is contact radius,h is indentation depth, D is indenter Diameter, and C = 0.943
(for Hertzian Elastic Case)
a = C ∗
√
D ∗ h (5.4)
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Figure 5.2 Sn37Pb Displacement time curve
Figure 5.3 Sn3.5Ag Displacement time curve
The net section stress σN , which characterizes the load in an indentation creep experi-
ment, is defined as the force F applied on the indenter divided by the cylindrical indenter area
A : σN =
F
Πa2
. The conversion factors co relates the net section stress σN to an appropriate
uniaxial reference stress σ by
σ = coσN (5.5)
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Figure 5.4 Sn5Sb Displacement time curve
where co is a conversion factor with range 0.26− 0.36. The uniaxial reference strain rate ˙ is
˙ = C2
d˙
2r
(5.6)
where d˙ is indentation creep depth rate (indentation rate), c2 a conversion factor, and r the in-
denter radius. Here we use C2 = 0.865 determined from iteration calculations performed.[46]
n = [
Log(˙)
Log(σ)]
(5.7)
5.3 Traditional Tensile Creep test
Tensile tests were carried out on Sn37Pb, Sn3.5Ag and Sn5Sb solder alloys on a
commercial closed-loop servo-hydraulic test machine and conducted as per ASTM E8M-98
under stroke control with a strain rate of 10−3s−1 at room temperature. Creep tests were con-
ducted at constant loads for these different alloys individually. After the creep rupture tests,
specimen cross-sections were analyzed using an optical microscope and the creep rupture
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mechanisms were based on the fractography. The creep tests were performed in accordance
with ASTM E139-96 under constant load, and at testing temperatures corresponding to a
range of about 0.5 − 0.74Tm (homologous temperature) for the two given lead solders. A
direct-load creep testing machine was used to perform the constant-load creep test with
application of various load weights as the loading source. Creep curves obtained for these
solder alloys are seen in Figures 5.5, 5.6 and 5.7. The Sn3.5Ag solder has the greatest creep
strength among the given three alloys, as it shows the highest value of stress exponent, lowest
minimum creep rate, and longest rupture time at a given stress and temperature.
Figure 5.5 Time to Rupture Sn3.5Ag
5.4 Experimental procedure
The materials used were three tin alloys, Sn37Pb, Sn3.5Ag and Sn5Sb. These sam-
ples were polished and then tested utilizing the constant load hold multiple partial loading
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Figure 5.6 Creep curve Sn37Pb
Figure 5.7 Creep Curve Sn-5Sb
and unloading technique, where the applied load and testing time were the only variables.
Indentation load of 5N for a dwell time of 6hrs minimum. The variation of indentation
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depth vs time can be seen in Figures 5.2, 5.4 and 5.5. It can be seen that the indentation
length increases with the loading time and the applied load. As can be seen in these fig-
ures, the curves consist of two stages similar to an ordinary creep curve. The first stage of
the curve records an increase in the concerned variable with time, with a decreasing rate,
followed by a steady- state region where indentation sizes increase linearly with time. As
the indentation test is actually a compression test, fracture of the specimen does not occur
and hence, it is obviously not possible to record the third stage of the curve as opposed to
what happens in an ordinary creep tests. The testing methodology proposed in this research
will be used to determine the tertiary stage of creep as observed during tensile test utiliz-
ing a unique multiple partial loading and unloading technique during creep constant load
indentation. Figures 5.2, 5.4 and 5.3 also indicates that Sn37Pb, Sn3.5Ag and Sn5Sb alloys
exhibit different indentation creep behavior. Useful in design production of solder alloys, this
methodology would be used to extract creep damage characteristics at a specified stress and
temperature The stress exponent obtained for each alloy via the above mentioned approach,
are represented in Table 5.1.
Table 5.1 Stress Exponents
Materials
Depth Sensing
Stress Expo-
nent(n) Method
using PZT
Strain Hardening
Exponent np
Error (%)
Sn37Pb 6.5 0.056 4.8 %
Sn3.5Ag 10.2 0.703 6.4 %
Sn5Sb 2.6 0.031 13 %
Utilizing equations 5.7, 5.6, 5.5 and 5.4, Log˙/Logσ plots of the three alloys in this
study were made in Figures 5.8, 5.10 and 5.9.
The stress exponents calculated using the depth sensing stress exponent method are
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Figure 5.8 Derivation of Stress Exponent fo Sn37Pb
Figure 5.9 Derivation of Stress Exponent for Sn3.5Ag
in good agreement with the stress exponent calculated using traditional tensile test.It should
be considered that difference of one or two units in stress exponent values has no real physical
significance when dealing with deformation mechanisms. According to the power law creep,
a decrease in stress exponent would result in an increase in creep rate due to a decrease
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Figure 5.10 Derivation of Stress Exponent for Sn5Sb
in yield strength [42].Therefore the Sn3.5Ag alloy with higher n values is more resistant to
indentation creep compared to Sn37Pb and Sn5Sb alloys. The same result can be extracted
from the indentation curves shown in Figures 5.3, 5.2 and 5.4. The stress exponent values
can be used to identify the mechanisms controlling the deformation process. Diffusional
creep is associated with the n values around 1, grain boundary sliding leads to n values
close to 2 and mechanisms attributed to dislocation movement such as slip creep are linked
to n values in the range of 5 − 7 which moves up to higher values than 8 when particles
reinforcement takes place [42]. The high stress exponents obtained for present materials
indicate that creep deformation is related to the dislocation movement and thus, grain size
is the controlling parameter of deformation.
5.5 Creep Continuous Stiffness Response CCSR
During indentation creep, the stiffness response can be extracted using the unique
multiple partial loading and unloading sequence described in Section 3.2.2. The CCSR is
accomplished by performing multiple partial loading and unloading during creep indentation
utilizing Lab view software created. Compared to a traditional creep test, the CCSR are
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particularly useful as they measure contact stiffness in small indents carried out over a long
period of time. The depth sensing indenter used in this study can extract the stiffness
response of the material during indentation creep withing seconds utilizing multiple partial
loading and unloading discussed in 3.2.2.
Figure 5.11 BI Function LabView Control Software
To accomplish this, a system capable of controlling the indenter at constant load was
developed in section 5.1. Integrating this system into a bi-functional system, the contact
stiffness response is measured for approximately 30 seconds utilizing the multiple partial
loading and unloading technique every hour during the indentation creep. The solder alloys
studied from 5.1, all have different strain hardening exponent, which was later found to
contribute to the stiffness response during creep.
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Figure 5.12 Stiffness Response During Indentation Creep
Figure 5.12 shows creep stiffness response of three solder alloys utilizing CCSR method.
It can be observed that the contact stiffness response increases with time during the creep
indentation method, and eventually drops when creep damage sets in. This can be seen when
comparing with creep rupture time experiments performed during traditional tensile tests
as discussed in Section 5.3[47, 34]. Sn3.5Ag exhibits the highest strain hardening exponent,
which transcribes to a larger resistance in deformation during indentation creep. As can
be seen in Figure 5.12, the strain hardening exponent plays a role in the variation seen in
contact stiffness response during indentation creep. Multiple partial loading and unloading
utilized in this study can be separated into two methods, Low depth sensing and High depth
sensing.
Low depth sensing involves using the multiple partial loading unloading technique up
to 5 unloading points, which reduces the response of the material to the top most layer see
Figure 5.13.
While high depth sensing utilizes the same technique up to 10 unloading points which
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Figure 5.13 Creep Contact Stiffness Response Low depth Sensing
obtains responses from the substrate of the material see Figure 5.14.
Figure 5.14 Creep Contact Stiffness Response High depth Sensing
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During indentation creep it was observed that solder materials with higher strain hard-
ening exponent exhibited larger differences between 5 unloading and 10 unloading responses
over time. The 5 unloading picks up stiffness response from the surface of the material, so
during the early stages of indentation creep, stiffness response from the substrate on top layer
of the material are similar. During later stages of indentation creep, strain hardening occurs,
which is dependent on the strain hardening exponent. At this point, usually before tertiary
creep comes in play, 5 unloading picks up a larger stiffness response which is indicative of
localized deformation caused by indentation creep. The conclusions from our tests indicate
that materials with higher strain hardening exhibit larger differences between low and high
depth sensing, due to the strain hardening during indentation.
Figure 5.15 Sn37Pb with Low Strain Hardening showing low variation in stiffness response
from Low and High depth sensing
The 10 unloading picks up stiffness response far from the surface of the material, so
during the early stages of indentation creep, stiffness response from the substrate on top
layer of the material are similar. During later stages of indentation creep, strain hardening
occurs, which is dependent on the strain hardening exponent. Using 10 unloading shows
stiffness response further away from the Top layer of the material which is further from the
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region of localized deformation caused by indentation creep.
Figure 5.16 Sn3.5Ag with high strain hardening showing large variation in stiffness response
from Low and High depth sensing
5.6 Remaining Life Creep Continuous Stiffness Response CCSR
For design purposes, it would be ideal to have methods available for correlating and
extrapolating creep-rupture data such that the rupture time can be accurately predicted.
Monkam-Grant [48] and Larson-Miller [49] relationships, were used in this current study to
correlate the rupture time data for the given lead free solders under the given test conditions.
Monkman and Grant [48] observed that the rupture time, tf in long term creep test
could be related to the minimum strain rate by a power law function:
˙mint
m
f = CMG (5.8)
where the exponent m and constant CMG are material dependent. The constant CMG
usually depends on temperature. The practical advantage of the Monkman-Grant rule is
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that the minimum strain rate can be measured early in a creep test so as to predict a long
life case. As long as the value of CMG can be predicted in short-term tests, the remaining
life can then be predicted once the minimum strain rate has been established [47]
Monkman-Grant relationship for each given lead-free solder alloy is approximately in-
dependent of temperature over the range of given test conditions. Therefore we can estimate
the rupture time from the minimum creep rate or vice versa. This model serves as a useful
tool to predict the rupture time for the given two lead-free solders at various combinations
of stress and temperature. Rupture time correlates well with minimum creep rate implies
cavity formation and growth is basic to the inter granular creep fracture process[48].
Another model used in this study is the Larson-Miller relationship, which is similar
in principle but different in its functional form. In 1952, Larson and Miller assumed the
following relationship between creep lifetime, applied stress and temperature [49]:
PLM = T (CLM + logtf ) (5.9)
Where PLM is the Larson-Miller parameter and is a function of applied stress, T is
temperature in Kelvin and tf is creep rupture time in hours. Extracting values of CLM
can be gotten from intercept of logtf versus 1/T discussed in [47]. From equation 5.9, the
Larson-Miller Parameter PLM can be determined for different alloys at different stress levels.
In order to estimate the rupture time utilizing CCSR, it is proposed in this work
to correlate the stiffness response gotten during indentation creep over a period of time
by normalizing the young’s modulus with the applied stress. It is assumed an independent
relationship of temperature in the creep rupture time prediction model. It means the intrinsic
temperature dependence of rupture time is implied in the Young’s modulus term.
Utilizing a simple power law E
Ed
tzf = L, where E is the youngs modulus, Ed is the
stiffness response obtained during indentation creep utilizing CCSR technique, Z and L are
constants modified from Larson-Miller parameters for these specific solder alloys.
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EEd
tzf = 0.005−−−−−−Sn3.5Ag (5.10)
E
Ed
tzf = 0.00392−−−−−−Sn37Pb (5.11)
E
Ed
tzf = 0.00178−−−−−−Sn5Sb (5.12)
Table 5.2 Stress Exponents
Materials
Young’s
Modulus
CCSR Parame-
ter L
Average tf
Sn37Pb 29.3 0.00392 3.52±0.37
Sn3.5Ag 52.2 0.005 4.10±0.60
Sn5Sb 47.7 0.00178 2.98±0.39
The values from the Equations 5.105.115.11, creep rupture time can be predicted for
these three solders utilizing the CCSR technique.
As discussed the application of these models to analyze the experimental data of
rupture time was quite successful to a certain degree for the given solders alloys. In order to
estimate the rupture time with young’s modulus normalized by the damage modulus.
5.7 Conclusions
.
In this research, material time-dependent behavior of Sn3.5Ag, Sn37Pb and Sn5Sb sol-
der alloys were studied by a unique depth sensing micro-indentation method at room temper-
ature. Stress exponent values were determined through a constant loading process utilizing a
spherical micro indentation method, where the strain rate is extracted from the indentation
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rate. The measured stress exponent values are in good agreement with conventional creep
experiments. Utilizing a multiple loading and partial unloading micro-indentation testing
procedure, time-dependent stiffness changes of these materials could be measured. This
continuous stiffness responses during a creep test can be correlated to test materials micro
structural changes during creep, therefore making it capable to predict onset of tertiary creep
failure. Test results show a correlation between measured continuous stiffness response and
creep damage with the capability to predict the onset of tertiary creep of these solder alloys.
The indentation experimental setup studied in this research has a number of advan-
tages
• Specimens can be small in size and simple in shape
• Mechanical properties can be studied for a selected localized region
• High-Temperature and inert gas test atmosphere can be prepared easily
• Material Stiffness response during creep can be evaluated
5.8 Future Work
Indentation creep under high temperature condition has received little to no attention
due mainly to the inherent difficulties in measuring the small indentation displacements at
elevated temperatures. Constant Creep Stiffness Response and high temperature indentation
discussed in Chapter 3.4 introduced in this research can bridge the gap in technology required
to study micro-indentation at elevated temperatures.
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